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The reversible unfolding of rat liver methionine adenosyltrans-
ferase dimer by urea under equilibrium conditions has been
monitored by fluorescence spectroscopy, CD, size-exclusion
chromatography, analytical ultracentrifugation and enzyme ac-
tivity measurements. The results obtained indicate that unfolding
takes place through a three-state mechanism, involving an
inactive monomeric intermediate. This intermediate has a 70%
native secondary structure, binds less 8-anilinonaphthalene-1-
sulphonic acid than the native dimer and has a sedimentation
coefficient of 4.24‡0.15. The variations of free energy in the
absence of denaturant [DG(H
#
O)] and its coefficients of urea
dependence (m), calculated by the linear extrapolation model,
were 36.15‡2.3 kJ[mol−" and 19.87‡0.71 kJ[mol−"[M−" for
INTRODUCTION
Methionine adenosyltransferases (MATs; EC 2.5.1.6) are a
family of enzymes that catalyse the rate-limiting reaction in the
methionine cycle, namely S-adenosylmethionine (AdoMet) syn-
thesis [1]. These proteins are exceptionally well conserved during
evolution [2], their sequence being detected even in the genome
of Mycoplasma genitalium, considered to be the minimal set of
genes needed for independent life [3,4]. MAT enzymes appear as
homo-oligomeric proteins in all tissues and organisms studied to
date, with the exception of mammalian MAT II [5]. All of them
require Mg#+ ions and are activated by univalent cations (K+).
Most of them exhibit sigmoidal kinetics for their substrates and
have tripolyphosphatase activity [5]. The importance of MAT
enzymes is highlighted by the role of AdoMet as the major
methyl donor in transmethylation reactions and as the source of
propylamine moieties for the synthesis of polyamines [6]. More-
over, in mammalian liver, the transmethylation reactions,
through the production of S-adenosylhomocysteine (AdoHcy),
link AdoMet synthesis to the trans-sulphuration pathway and
folate metabolism [7].
In mammals, two isoenzymes have been described, one ubiqui-
tous (MAT II), and another whose expression is confined to the
liver [5]. This latter protein appears in two oligomeric assemblies,
a tetramer (MAT I) and a dimer (MAT III) that differ in their
affinities for methionine, with the dimer having the lowest affinity
for this substrate [5,8–10]. Moreover, MAT I is 10-fold more
active than MAT III under physiological concentrations of
methionine (60 lM) [8], a fact that has led to speculation about
Abbreviations used: AdoHcy, S-adenosylhomocysteine ; AdoMet, S-adenosylmethionine ; ANS, 8-anilinonaphthalene-1-sulphonic acid ; DASA,
accessible surface area; DTT, dithiothreitol ; MAT, methionine adenosyltransferase.
1 To whom correspondence should be addressed (e-mail mapajares!iib.uam.es).
the dissociation of the native dimer and 14.77‡1.63 kJ[mol−"
and 5.23‡0.21 kJ[mol−"[M−" for the unfolding of the mono-
meric intermediate respectively. Thus the global free energy
change in the absence of denaturant and the m coefficient were
calculated to be 65.69 kJ[mol−" and 30.33 kJ[mol−"[M−" re-
spectively. Analysis of the calculated thermodynamical para-
meters indicate the instability of the dimer in the presence of
denaturant, and that the major exposure to the solvent is due to
dimer dissociation. Finally, a minimum-folding mechanism for
methionine adenosyltransferase III is established.
Key words: methionine metabolism, monomeric intermediate,
S-adenosylmethionine.
their cellular role [11]. Changes in the activity and oligomeric
state have been described under pathological conditions [5] ; in
these cases the dimer becomes the prevalent form [12]. All of these
findings have led to the study of the mechanisms controlling
the MAT I}III exchange. In this context, Cys69Ser mutants have
been shown to produce MAT only in a dimeric form, and site-
directed mutagenesis of either of the cysteine residues found
between positions 35 and 105 alters the MAT I}III ratio [13].
Other findings confirming the importance of cysteine residues on
MAT have come from redox and nitrosylation experiments
[9,14,15]. In redox experiments, inactivation and dissociation
were observed [9,15], whereas during nitrosylation inactivation
was detected when Cys-121 was modified [14]. Mutations in
the MAT gene, generating truncated forms of 185 or 350–351
residues, have also been detected in patients with hypermethion-
inemia, but only the longer forms concurred with severe symp-
toms, such as demyelinization [16,17]. Moreover, a higher
susceptibility to liver injury has been shown recently using
knockout mice for this isoenzyme [18].
The structure of rat liver MAT has been determined by X-ray
diffraction [19]. Each subunit of the protein (396 amino acids)
[20] comprises three domains in the crystal structure; an N-
terminal domain (residues 17–28 and 146–254) ; a central domain
(residues 29–116 and 255–289) ; and a C-terminal domain (resi-
dues 129–145 and 290–396). A mobile loop links the central and
the C-terminal domains. This loop, where Cys-121 is located,
might regulate access to the active site by an open-to-closed
conformational switch; an effect potentially due to nitrosylation
[15]. The interaction between subunits in the dimer has been
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described as a contact surface, which is mostly flat and hydro-
phobic between the b-sheets from each subunit. Comparison
between the data of the two MAT structures available from
Escherichia coli [21,22] and rat liver [19] show differences in the
orientation of the subunits. The active site (two per dimer) has
been located between the subunits, with amino acid residues from
each monomer contributing to it. Moreover, the structural Mg#+
ions have been identified in co-ordination with the active-site
residues that bind methionine [19]. Catalysis takes place in two
steps ; the synthesis of AdoMet produces tripolyphosphate as a
product, and the resulting tripolyphosphate is hydrolysed to give
pyrophosphate and P
i
[1,23]. Several roles have been postulated
for this tripolyphosphatase activity, including, among others,
the prevention of the reversibility of the catalytic reaction and the
production of the energy needed for a conformational change to
accomplish the catalytic cycle [24].
The acquisition of structural data for rat liver MAT was only
possible after heterologous overexpression and refolding from
inclusion bodies free of the E. coli homologue [10,25]. This
procedure revealed the dependence on Mg#+ ions for refolding, as
well as an improved recovery if a two-step method through an
intermediate concentration of denaturant was used. These find-
ings raised the question of how a large multi-domain oligomeric
protein with intersubunit active sites, such as MAT III, is folded.
To date, there is a large body of work on the stability and
thermodynamics of small monomeric proteins, but the number
of studies on multimeric proteins, which, in most cases, do not
exhibit reversible denaturation, is more limited [26,27]. In ad-
dition to intrachain interactions, oligomeric proteins show inter-
subunit interactions ; the contribution of which to the energetics
of the protein is not known. Equilibrium-unfolding studies could
provide insights into the events occurring in the assembly of the
individual chains. To address all of these questions, we have used
a biophysical approach to investigate the equilibrium unfolding
of MAT III by urea. The results obtained give the first stability
data for this protein and allow a description of the minimum
mechanism needed for the MAT dimer to fold.
EXPERIMENTAL
Materials
Dithiothreitol (DTT), protein standards for gel-filtration chrom-
atography and 8-anilinonaphthalene-1-sulphonic acid (ANS)
were purchased from Sigma Chemical Co. (St. Louis, MO,
U.S.A.). YM-30 membranes and Microcon ultrafiltration pro-
ducts were purchased from Amicon (Millipore, Bedford, MA,
U.S.A.). Biogel A 1.5 m and the bicinchoninic acid system were
from Bio-Rad (Hercules, CA, U.S.A.) and Pierce (Rockford, IL,
U.S.A.) respectively. Urea and buffers were from Merck (Darm-
stadt, Germany).
Expression and purification of recombinant rat liver MAT
Competent E. coli BL21 (DE3) cells were transformed with the
plasmid pSSRL-T7N as described previously [10]. Cell growth,
MATexpression and recovery of inclusion bodieswere performed
as described by Lo! pez-Vara et al. [25]. Refolding of rat liver
MAT III was then carried out in the presence of 10 mM DTT as
described previously [25]. Refolded recombinant protein was
fully characterized after purification and found to have identical
behaviour and secondary structure to the MAT III purified
from rat liver [25]. SDS}PAGE was performed on 10% gels
under reducing conditions using the buffer system described
previously to control the purity of the sample preparations [28].
When required, the protein was concentrated by ultrafiltration
using either the Amicon cells or Microcon units with a YM-30
membrane. The protein concentration of the samples was mea-
sured spectrophotometrically using a calculated molar absorp-
tion coefficient (e) at 280 nm of 41934 M−"[cm−" in 8M urea.
MAT activity assay
MAT activity was measured using 0.02–0.05 mg}ml of protein
essentially as described previously [29]. For the refolding mea-
surements, MAT samples were denatured in the presence of 8 M
urea for 2 h at 10 °C in buffer A [50 mM Tris}HCl (pH 8) and
75 mM MgSO
%
] and then diluted with the same buffer to give the
corresponding urea concentrations (8–0 M). The samples were
then dialysed overnight at 4 °C in buffer A, and the activity was
measured using the standard MAT reaction mixture (250 ll,
final volume) as described previously [29]. For the unfolding
measurements, MAT III samples were incubated in buffer A
containing varying urea concentrations (0–8 M) for 2 h at 10 °C
in a final volume of 160 ll prior to MAT activity determinations.
Unfolding and refolding experiments
The MAT III unfolding reactions were performed in buffer A
containing varying concentrations of urea (0–8 M). Protein
concentrations used were 0.08–0.02 mg}ml and 0.1–0.2 mg}ml
for fluorescence and CD experiments respectively. Equilibrium
was reached after a 2-h incubation period and experiments were
performed after 12 h. Adding buffer to the unfolded samples and
allowing each to re-equilibrate at lower urea concentrations
established the reversibility of the process. The spectra acquired
for these samples, when corrected for the dilution, were identical
with those of the folded state, thus confirming the reversibility of
the system.
Intrinsic fluorescence experiments
Urea-denatured and refolded samples were excited at 278 or
295 nm; the slit width was 2.5 nm for the excitation and 5 nm for
the emission. The spectra of fluorescence intensity were recorded
between 300 and 400 nm in a photon counting SLM-8000
spectrofluorimeter at 25 °C, using 0.5‹0.5 cm cuvettes. The
fluorescence signal for the protein was corrected by subtraction
of the solvent signal.
ANS binding
A stock solution of ANS (1 mM) in methanol was prepared and
its concentration was determined using efl 6800 M−"[cm−" at
370 nm [30]. ANS was added to a pre-equilibrated unfolding
reaction of MAT III (1 ml, 0.05 mg}ml) or to a control reaction
without protein; the final methanol concentration in the sample
was 0.04% (v}v). The study was performed using native,
intermediate or unfolded states of MAT III at different ANS
concentrations, or unfolding reactions of MAT III (0–8 M) and
40 lM ANS. The mixture was incubated for 1 h in the dark,
and changes in ANS emission upon protein binding were
monitored following the increase in the fluorescence emission at
470 nm from the spectra recorded between 400 and 600 nm, with
excitation at 380 nm. Spectra were corrected for baseline and
instrumental factors.
CD experiments
Far-UV CD spectra of urea-denatured or refolded MAT were
recorded on a JASCO J-720 spectropolarimeter (Hachioji City,
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Tokyo, Japan) at 25 °C [31], using samples with 0.1–0.2 mg}ml
protein and 0.1 cm pathlength cuvettes. After baseline sub-
traction, the observed ellipticities were converted into mean
residue ellipticities ([h]
m.r.w.
) on the basis of a mean molecular
mass per residue of 110 Da. Secondary-structure composition
was calculated using the Convex Constraint Analysis (CCA)
with the original set of reference proteins [32]. A minimum of five
spectra were recorded for each sample.
Gel-filtration chromatography
MAT III samples (500 ll containing a minimum of 40 lg of
protein), after incubation with 0–5 M urea, were loaded on to a
Biogel A 1.5m gel-filtration column (50 cm‹1 cm). Equilibration
and elution were performed using buffer A containing 50 mM
KCl and the corresponding concentrations of urea at a flow rate
of 15 ml}h in a 20 °C chamber. A
#)!
was recorded and 500 ll
fractions were collected and precipitated by trichloroacetic acid
(10%, v}v). The presence of protein after precipitation was
determined using the bicinchoninic acid assay. The protein
standards used were: Dextran Blue (2000 kDa), thyroglobulin
(669 kDa), apoferritin (443 kDa), b-amylase (200 kDa), alcohol
dehydrogenase (150 kDa) and carbonic anhydrase (29 kDa). For
localization of the final volume, ATP (551 Da) was used. Under
these conditions we found that the void volume (V
o
, 15.5 ml) and
total volume of the column (V
t
, 37 ml) remained constant between
0 and 4 M urea.
Sedimentation velocity experiments
The experiments were performed at 188000 g and 18 °C in a
Beckman Optima XL-A analytical ultracentrifuge (Beckman
Instruments, Fullerton, CA, U.S.A.) equipped with absorbance
optics, using an An50Ti rotor. Absorbance scans (0.005 cm step-
size) were taken at 280 nm. Samples of urea-denatured MAT
(0.1–0.2 mg}ml), prepared as above, were used in these experi-
ments. The sedimentation velocity data were analysed with the
program SVEDBERG [33]. Sedimentation velocity coefficients
were corrected for solvent composition and temperature to
obtain s
#!,w
[34].
Analysis of the unfolding profiles
The unfolding profiles of MAT III by urea, monitored by its
fluorescence intensity or its CD ellipticity, were analysed using
Kaleidagraph (Synergy Software, Reading, PA, U.S.A.) and the
equations described by Luo et al. [35] for a two- and a three-state
model. No convergence of the data was observed using this
procedure, and hence the data were analysed by clustering to
three (native, unfolded and the transition between both states),
five (native, intermediate I, native-intermediate I transition,
unfolded and intermediate I-unfolded transition) or seven popu-
lations (native, intermediate I, native-intermediate I transition,
intermediate J, intermediate I-intermediate J transition, unfolded
and intermediate J-unfolded transition) using the SPSS program
(SPSS, Chicago, IL, U.S.A.). These clusters allowed the cal-
culation of estimates for the signals for Y
I
, Y
J
, Y
N
fl y
N
›m
N
x
and Y
U
fl y
U
›m
U
x [where Y
U
, Y
N
, Y
I
and Y
J
are the signals
from the CD or fluorescence analyses for the unfolded (U),
native (N), intermediate I (I) and intermediate J (J) respectively ;
m
N
and m
U
, denaturant dependence for native and unfolded
states ; x, urea concentration; y
U
and y
N
, signals from the CD or
fluorescence analyses for the unfolded (U) and native (N) states]
and thus their use for free-energy determinations with the
thermodynamic models described by Park and Bedouelle [36] for
a two-state or a three-state mechanism. The equations for the
four-state mechanism were developed in a similar way and are
the following:
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The parameters are defined as: f
U
, f
N
, f
I
and f
J
, the fraction of
protein in the unfolded, native and intermediate I and J states
respectively ; Y
I
and Y
J
are kept constant upon urea con-
centration; K
"
, K
#
and K
$
, the equilibrium constants for the N
#
-
2I, the 2I-2J and the 2I-2U transitions respectively ; m
"
, m
#
and
m
$
the denaturant dependence for each transition; c, protein
concentration; R, the gas constant ; T, the absolute temperature ;
DG
"
(H
#
O), DG
#
(H
#
O) and DG
$
(H
#
O), the free energies for each
transition in water ; and DG(H
#
O), the global free energy of the
process.
RESULTS
Unfolding monitored by activity
Rat liver MAT III, the dimeric form of MAT, was used to
characterize the unfolding reaction of the protein. The refolded
MAT III used in these experiments is fully active and has been
characterized previously to ensure that its behaviour is identical
with the purified rat liver protein [25]. The ability to synthesize
AdoMet was used to monitor the urea-induced unfolding of
MAT III (Figure 1). MAT III activity decreased sharply with the
addition of urea, with 50% inactivation occurring at approx.
Figure 1 MAT III activity as a function of urea concentration
DTT-refolded MAT III (5 lg) was used for unfolding and refolding experiments. Unfolding was
carried out by the addition of MAT to a solution containing different urea concentrations
(0–8 M) in buffer A, and after a 2 h incubation MAT III activity was measured (D). Refolding
was performed using MAT denatured in an 8 M urea solution in buffer A for 2 h. The denatured
protein was then diluted to the corresponding urea concentrations (8–0 M), dialysed, and MAT
activity was measured (E).
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Figure 2 Unfolding of MAT III by urea monitored by gel-filtration
chromatography
MAT III samples (0.2 mg/ml) were incubated with different concentrations of urea (0–4 M) for
2 h. Protein samples were then loaded on to a Biogel A 1.5 m column equilibrated in buffer
A containing 50 mM KCl and the corresponding urea concentrations. Elution was followed by
recording the A280. The elution volumes of the protein standards were : Dextran Blue (15.5 ml),
thyroglobulin (18.5 ml), apoferritin (21 ml), b-amylase (24 ml), alcohol dehydrogenase
(25 ml) and carbonic anhydrase (32 ml). The urea concentration used in each case is indicated
in the panel.
0.3 M urea. Removal of denaturant restored the initial activity,
underlining the full reversibility of the process. This inactivation
could be due to a local conformational change of MAT III, a
weakening of the interactions between subunits where the active
sites are located, or an effect of urea on the non-covalent
interactions between the enzyme and its substrates or essential
cations.
Molecular size changes of MAT III during unfolding
Thorough studies with monomeric proteins have shown that
size-exclusion chromatography can be used to monitor
the unfolding of proteins by denaturants, and to measure the
molecular dimensions of their different conformational states
[37]. With this technique, we observed that the protein was eluted
as a single peak between 0 and 2 M urea, whereas, at higher
denaturant concentrations, the protein profile was extended
through all the chromatogram (Figure 2). In the presence of low
urea concentrations (1–2 M), peak elution was delayed revealing
an estimated molecular mass of 53000 Da, similar to that
expected for a monomeric form. These data suggest the presence
of a monomeric intermediate in MAT III unfolding.
Table 1 Comparison of the hydrodynamical parameters obtained by size-
exclusion chromatography and analytical ultracentrifugation
MAT III samples were incubated in the presence of different urea concentrations until
equilibrium was reached. These samples were then used for size-exclusion chromatography in
the presence of the corresponding urea concentrations, and for sedimentation velocity
experiments. The apparent molecular mass and Stokes radius values calculated from the gel
filtration elution volumes and the calculated s20,w are shown for a representative experiment.
Urea concentration
(M)
Molecular mass
(kDa)
Stokes radius
(nm) s20,w
0 108 3.9 5.4
1 59 2.9 4.56
2 53 2.7 4.24
3 fi fi 3.81
4 fi fi 3.53
Figure 3 Unfolding of MAT III by urea as monitored by its fluorescence
intensity
Purified MAT III samples (80 lg/ml) were used for unfolding studies in the presence of urea
buffers. The emission of fluorescence at 330 nm was recorded after excitation of the samples
at 295 nm. (A) Results from a typical experiment, with the solid line being the fitting of the data
to the equations for an unfolding mechanism with a monomeric intermediate. (B) Fluorescence
spectra for native dimeric MAT (line a) and the unfolded protein (line b).
To ensure that changes in the size of the MAT III molecule
were obtained during urea denaturation, samples of the protein
under different urea concentrations (0–8 M) were subjected to
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Figure 4 Unfolding of MAT III by urea, as monitored by the ratio of its
fluorescence intensities at 330 and 350 nm (Y330/Y350)
Y330 and Y350 are the corrected signals of fluorescence intensity upon excitation at 295 nm. The
concentration of protein in the experiment was 80 lg/ml. The calculated ratio for a typical
experiment is shown.
analytical ultracentrifugation experiments. Sedimentation equi-
librium and overspeeding experiments render confusing results,
due to the instability of the protein under those conditions
(results not shown), and hence sedimentation velocity was used.
Under these conditions, it was possible to observe a decrease in
the calculated s
#!,w
in the presence of denaturant (Table 1).
Again, in the presence of low concentrations of urea (1–2 M), the
values calculated corresponded to a monomeric MAT. These
data, together with those of the size-exclusion chromatography,
indicated that urea unfolding of MAT III takes place through a
monomeric intermediate.
Unfolding monitored by fluorescence spectroscopy
Rat liver MAT III contains 13 tyrosine and four tryptophan
residues (at positions 176, 275, 301 and 388). According to its
crystal structure [19], several of these intrinsic fluorophores, in
particular the tryptophan residues, have their side chains buried
inside the protein subunit. We have recorded fluorescence emis-
sion spectra of MAT III in 0–8 M urea at excitation wavelengths
of 278 or 295 nm. Native MAT III emission is maximal at
334 nm at both excitation wavelengths, whereas the spectrum of
unfolded MAT is red-shifted to 350 nm, as expected for solvent-
exposed tryptophan (Figure 3). This shift was accompanied by a
decrease in intensity (Figure 3B). As expected, the difference in
fluorescence intensity was larger when the excitation wavelength
was 278 nm than at 295 nm, since both tyrosine and tryptophan
residues are excited at 278 nm, whereas only tryptophan is
excited at 295 nm. This difference between the native and
unfolded states of MAT III was maximal at an emission
wavelength of approx. 330 nm. Therefore the intensity of fluor-
escence emission at 330 nm was used to monitor the unfolding of
MAT III by urea under equilibrium conditions using several
protein concentrations (Figure 3A). In each case, fluorescence
intensity started to decay as soon as the denaturant was added,
decreased non-linearly between 2 and 5 M urea, and then
remained approximately constant at higher denaturant concen-
trations. Refolding of the protein produced superimposable
Figure 5 Unfolding of MAT III by urea monitored by its CD ellipticity
Samples of 0.2 mg/ml of DTT-refolded MAT III were incubated with different concentrations of
urea (0–8 M) in buffer A. (A) The mean of five independent spectra for native MAT III (curve
a), intermediate at 1.5 M urea (curve b), and denatured at 8 M urea (curve c). (B) The CD
ellipticity at 220 nm as a function of urea concentration. The corrected signal for a typical
experiment is given along the y-axis ; the solid line is the fitting of the data to the equations
for an unfolding mechanism with a monomeric intermediate.
fluorescence data (results not shown). This biphasic profile
suggested a two-state unfolding model.
To get an insight into the average exposure of the tryptophan
residues during unfolding, the ratio of fluorescence intensities at
330 and 350 nm (Y
$$!
}Y
$&!
) was studied as a function of urea
concentration (Figure 4). The profiles obtained were similar to
those of fluorescence intensity, but in this case values between 1
and 2 M urea remained almost constant, suggesting the possible
presence of an intermediate state during unfolding.
Unfolding monitored by CD
We used the CD of MAT III in the absorption band of the
peptide bond (from 200–230 nm) to monitor the variation in its
secondary-structure content during urea unfolding (Figure 5).
For sensitivity reasons, the protein concentrations used in the
CD experiments were higher than those for fluorescence experi-
ments. As previously reported [25], a minimum at 222 nm and a
shoulder at 210 nm are features of the native MAT III spectrum
(Figure 5A; curve a). Spectral deconvolution using the Convex
Constraint Analysis showed that the major secondary element
was the b-sheet, in agreement with the crystallographic data [19].
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Figure 6 ANS binding to MAT III under different unfolding conditions
MAT III (50 lg/ml) was incubated in the presence of 0, 2 and 8 M urea to obtain the native
(E), intermediate (y) and unfolded (+) states of the protein respectively. Once the
equilibrium was reached, different concentrations of ANS were added to the samples for 1 h
in the dark. ANS binding was measured by fluorescence intensity at 470 nm using an excitation
wavelength of 380 nm.
In the presence of 8 M urea, the CD spectra resembled that of an
unfolded protein (Figure 5A; curve c). Ellipticity plots at 220 nm,
as a function of urea concentration, revealed a sharp increase up
to a plateau between 1 and 2.5 M, followed by an additional
increase up to 6 M urea (Figure 5B). Refolding profiles showed
an identical behaviour (results not shown). Again the profile
obtained seemed to indicate the possible presence of an inter-
mediate form in the unfolding process. In the light of these
results, the first transition could be attributable to changes due to
dimer dissociation, whereas the changes observed at higher urea
concentrations may arise from monomer denaturation.
ANS binding
ANS is a hydrophobic dye that fluoresces in apolar solvents, but
little in water. Some proteins unfold through a conformational
intermediate state that binds ANS more than the native state,
thus indicating a change that increases its apolar surface [38]. We
have measured ANS binding to MAT III in the presence of urea
under equilibrium conditions using a minimum of a 10-fold
molar excess of the fluorescent probe over the calculated protein
concentration and an excitation wavelength of 380 nm (Figure
6). The results obtained indicated that the intermediate state
Table 2 Comparison of the thermodynamical parameters of different mechanism for the unfolding of MAT III
Unfolding of MAT III by urea was monitored by fluorescence intensity as described in the Experimental section. The thermodynamic parameters DG (H2O) and m were obtained by fitting the
experimental data to the equations described by Park and Bedouelle [36] for the three-state model with a monomeric intermediate (with monomeric intermediate) and a coupled two-state unfolded-
dissociation model (without intermediate state). Results represent the global average parameter‡S.D. obtained from three independent experiments carried out at three different protein
concentrations.
Model
Thermodynamic parameters
DG (H2O) (kJ[mol−
1) m (kJ[mol−1[M−1)
DG (H2O) DG1(H2O) DG2 (H2O) m m1 m2
Without intermediate state 41.25‡1.76 3.18‡0.33
With monomeric intermediate 36.15‡2.3 14.77‡1.63 19.87‡0.71 5.23‡0.211
observed at 2 M urea binds ANS, but to a lesser extent than the
MAT III native state. For a given concentration, the intermediate
ANS binding is approx. 25% of that exhibited by the native
dimer. Data showing the dependence of ANS binding upon
denaturant concentration were also obtained, but were not clear
enough to yield precise thermodynamic parameters (results not
shown).
Characteristic parameters of unfolding monitored by fluorescence
intensity and CD
Fluorescence profiles obtained from MAT III unfolding experi-
ments, assuming a linear relationship with the denaturant con-
centration (x), made the determination of the fluorescence
intensity of the native state (Y
N
fl y
N
›m
N
x) difficult. Hence,
after the failure of other approaches, a clustering analysis of the
data was performed to determine Y
N
. The values included in
the clusters were also used to determine the fluorescence intensity
of the unfolded state (Y
U
fl y
U
›m
U
x) and possible intermediate
states (Y
I
, Y
J
), with a linear relationship and a constant
fluorescence with urea concentration respectively. The calculated
Y
N
, Y
U
and Y
I
values were used to fit equation 13 described by
Park and Bedouelle [36] and, in addition to Y
J
, to fit the four-
state model equations described in the Experimental section of
the present study. These equations link the observed fluorescence
intensity and the urea concentration with the unfolding profiles
for the following mechanisms: a two-state model ; a three-state
model with a monomeric intermediate ; or a four-state model
with two different monomeric intermediates. The DG(H
#
O) and
m values for the models were obtained using the linear extra-
polation model, except for the four-state model that did not fit to
our experimental data (Table 2). The thermodynamic parameters
(equilibrium constants and associated free energies) correspond-
ing to these fittings remained constant within the experimental
error when the protein concentration was changed (results not
shown). Since all the experimental results indicated the presence
of a monomeric intermediate and no fitting was obtained for a
four-state model, the three-state model was selected for further
calculations.
Using the data obtained in the CD experiments, good fits were
only possible with the three-state model. In this case, the values
calculated for the thermodynamical parameters were similar to
those obtained from the fluorescence intensity profiles (Table 2).
In the CD experiments, m
#
was calculated to be slightly lower
(3.97‡0.08 kJ[mol−"[M−") than the corresponding fluorescence
value.
We obtained the molar fractions, f
N
, f
I
and f
U
, of the different
conformational states of MAT III from the thermodynamic
parameters for an unfolding mechanism with a monomeric
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Figure 7 Fraction of each MAT state during unfolding with urea
The fractions, fN, fI and fU, of MAT in the native (—), monomeric intermediate (– – – –) and unfolded (- - - - -) states respectively, were calculated from the experimental data obtained
by fluorescence spectroscopy (using 80 lg/ml MAT) (A) and CD (using 0.2 mg/ml MAT) (B). The average thermodynamical parameters used for these calculations were those shown in Table
2, except for the m2 value for CD, which was 3.97 kJ[mol−
1[M−1.
Table 3 Characteristic concentrations of urea for the unfolding of MAT III
as monitored by its fluorescence intensity and CD ellipticity
The characteristic concentrations of urea were calculated using the thermodynamical parameters
listed in Table 2 and equations 10–12 from Park and Bedouelle [36]. Results are means‡S.D.
of three independent experiments carried out using 80 lg/ml MAT for fluorescence intensity
and 0.1 mg/ml MAT for CD. Abbreviations used : f −1I (max f I) the concentration at which the
monomeric intermediate was maximal ; f −1N (0.5) the concentration at which half of the MAT III
molecules were dissociated ; f −1U (0.5) the concentration at which half of the molecules were
unfolded.
Experimental procedure
Characteristic concentrations of urea (M) required for unfolding
f −1l (max f I) f −
1
N (0.5) f −
1
U (0.5)
Fluorescence intensity 2.20‡0.05 1.82‡0.06 2.85‡0.06
CD 2.50‡0.10 1.70‡0.25 3.75‡0.08
intermediate (Figure 7). Several characteristic concentrations of
urea can be deduced from these molar fractions: f
I
−"(max f
I
), the
concentration at which the monomeric intermediate was maxi-
mal ; f
N
−"(0.5), the concentration at which half of the MAT III
molecules were dissociated; and f
U
−"(0.5), the concentration at
which half of the molecules were unfolded. The calculated values
for the fluorescence intensity and CD experiments are shown in
Table 3. The f
U
−"(0.5) values for both techniques were calculated
on the basis of the m
#
values obtained and thus are different.
The global average values of the four thermodynamic para-
meters that characterized the unfolding reaction were calculated
from the experiments performed at different protein concentra-
tions (Table 2), namely, the free energy of dissociation of the
native MAT III [DG
"
(H
#
O)] and the free energy of the unfolding
of the monomeric intermediate in the absence of urea [DG
#
(H
#
O)],
and their corresponding coefficients of dependence on the con-
centration of urea (m
"
and m
#
respectively). The values of the
total parameters, DG(H
#
O) and m, calculated by the equations
described by Park and Bedouelle [36] for a three-state model with
a monomeric intermediate, were determined to be 65.69 kJ[mol−"
and 30.33 kJ[mol−"[M−" respectively.
DISCUSSION
MAT III is the dimeric form of liver-specific MAT [8,39] and has
been used under several experimental conditions to monitor
unfolding by urea. The measurements were carried out after a
minimum of 2 h when equilibrium conditions were reached.
Unfolding of MAT III is reversible, as shown by the agreement
of the unfolding and refolding profiles obtained by spectrofluor-
imetry, CD and activity experiments. Independent of the protein
concentrations tested (0.02–0.2 mg}ml) and the technique used
(fluorescence spectroscopy, CD, analytical ultracentrifuge, gel-
filtration chromatography and ANS binding), our results indicate
that the MAT dimer unfolds following a three-state mechanism
through a monomeric intermediate. The absence of the con-
centration dependency observed in the N-I transition could be
due to the low protein concentrations used in our experiments,
and thus dissociation greatly favoured the monomer conform-
ation even at low denaturant concentrations. Moreover, similar
values for the total free energy of unfolding under the different
experimental conditions tested were obtained. The low value of
DG(H
#
O) (65.69 kJ[mol−") is an indicator of the instability of the
dimer, as compared with that obtained for dimeric proteins of
thermophilic origin [36]. This is probably due to the low value
of DG
"
(H
#
O) determined for the dissociation and unfolding
of the dimer (36.14‡2.3 kJ[mol−"), plus an even lower value of
DG
#
(H
#
O) (14.77‡1.63 kJ[mol−") for the unfolding of the mono-
meric intermediate. The DG
#
(H
#
O) value is approximately one-
quarter of the calculated free energy of unfolding of soluble
globular monomeric proteins in the presence of denaturant,
calculated by Privalov [40] to be approx. 48.12 kJ[mol−"
(11.5 kcal[mol−"). From these values, it can be deduced that
approximately half of the global energy of stabilization for MAT
III comes from the association between both subunits, and one-
quarter from the secondary and tertiary interactions stabilizing
each of the monomeric intermediates. These data suggest that
quaternary association is a key element in the stabilization of the
multimeric assembly, as has been shown in other multimeric
proteins [26,27,36,41–44]. However, it must be emphasized that
all of these results were obtained using the linear extrapolation
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model and have to be considered under the limitations of such
method.
Myers et al. [45] suggested that the denaturant m value and the
number of residues in a protein are strongly correlated with
the variation of accessible surface area (DASA). In spite of the
uncertainties in the theoretical findings, it would be interesting to
analyse our experimental results in the light of these observations.
Thus the relationship between m and DASA can be used with
dimeric MAT and its monomeric intermediate to calculate
the values of m and m
#
. For this purpose, DASA for both the
native dimer (72749 AI # ; where 1 AI fl 0.1 nm) and monomeric
intermediate (35921 AI #) can be calculated using the number of
residues for both forms of the protein, 792 and 396 respect-
ively. The predicted and measured values of m (34.6 and
30.33 kJ[mol−"[M−" respectively) were in reasonable agreement
according to the limitations of the data used for these calculations
(size of the protein, oligomeric state and unfolding mechanism).
As for m
#
, comparison of the predicted and experimental values
(17.99 and 5.23‡0.21 kJ[mol−"[M−" respectively) showed that
unfolding of the monomeric intermediate increased solvent
exposure by only one-third of what was expected theoretically.
The 70% difference observed between the predicted and mea-
sured values could be due, among other factors, to a larger
accessible surface area than that for native monomeric proteins
of a similar size. Furthermore, the hydrophobic core of MAT III
was partially exposed to the solvent in the intermediate state, but
to a lesser extent than in the native protein, as suggested by the
ANS measurements. ANS binding of native proteins has been
observed in other oligomers [46], but it is uncommon that
the surface exposed to the dye is larger in the oligomer than the
intermediate state. However, this behaviour of the native dimer
in the presence of ANS may be expected, as previous findings
[47,48] have demonstrated that MAT III binds strongly to
hydrophobic chromatography media, a characteristic that is
exploited during its purification. Another possibility to explain
the larger fluorescence intensity observed in the native MAT III
may be due to the influence of the environmental polarity of the
binding site, whichmay differ from the dimeric to the intermediate
state [49]. On the other hand, the calculated m
"
value for the
dissociation and unfolding of the dimer shows even larger
deviations from the predicted value (19.87 and fi1.38 kJ[mol−"
M−" respectively), indicating a much larger exposure to the
solvent. Similar m values have been described for other multi-
meric proteins, such as p53 [42], thus indicating deviations from
theoretical and experimental determinations in oligomers. All
these discrepancies can be explained by the crystal structure of
MAT [19], where monomers have a large hydrophobic surface
of contact and hence, dissociation would expose it to the solvent.
The different ANS properties of the intermediate and native
dimer probably suggest a rearrangement of the individual mono-
mer chain, which causes burial of the hydrophobic surface upon
monomer formation, leading to a high m
"
value. Thus only
minimal changes would be required for the monomeric inter-
mediate to produce the unfolded state.
Unfolding of MAT III by urea was monitored using several
techniques. The intensity of fluorescence at 330 nm allowed the
identification of multiple equilibria in the presence of denaturant
among the native dimeric state, a monomeric intermediate and
the unfolded state. The monomeric intermediate was calculated
to have a 2.5-fold lower fluorescence intensity than the native
MAT III. This variation of intensity could be due to global or
local structural changes around some of the intrinsic fluorophores
(tryptophan and tyrosine residues), or to the loss of fluorescence
transfer between tyrosine and tryptophan residues of both
subunits upon dissociation. The ratio of fluorescence intensities
at 330 and 350 nm indicated that the environment of the
tryptophan residues became more solvent-exposed in both native-
intermediate I and intermediate I-unfolded transitions. The
Y
$$!
}Y
$&!
data seem to indicate that, in both the native and
the intermediate states, the tryptophan residues were partially
buried, probably being deeply located in the intermediate states,
since the change is larger in the intermediate I-unfolded tran-
sition.According to theCDellipticity, this intermediate possessed
a large part (70%) of the secondary structure of the native MAT
III, as has been observed in the intermediate states of other
proteins that follow non-two-state unfolding processes [50]. In
addition, the ANS-binding data indicated that this intermediate
was more compact than the native state. However, the CD data
may be influenced by the presence of aromatic residues that
could change their environment upon intermediate formation
[51]. Thus these results indicate that the intermediate state
detected exhibits some of the characteristics of a molten globular
state, but has undergone certain structural rearrangements to
prevent maximal hydrophobic surface exposure.
Finally, the activity of AdoMet synthesis showed that total
inactivation of MAT III was obtained at 1 M urea, when, as
calculated from the results of fluorescence and CD experiments,
99% of MAT III is still dimeric. These results differed from
those of the size-exclusion chromatography and analytical
ultracentrifugation experiments, where, at this denaturant
concentration, the presence of monomeric protein was already
detectable. Together, these data indicated that, as the urea con-
centration increased, the MAT dimer was inactivated either
slightly before or upon dissociation into monomers. Such a
conclusion coincided with what can be expected from the
structure [19] where active sites are located between subunits,
with amino acids of both monomers contributing to them.
Moreover, loosening of subunit interactions may produce Mg#+
loss before dissociation; a fact shown in refolding experiments
that would lead to inactivation. In addition, the area of contact
between subunits is defined as ‘‘mostly flat and hydrophobic’’
and formed mainly by b-sheets [19]. Therefore this dissociation
will lead to the exposure of a large hydrophobic surface to the
media. Hence it may be expected that the domain organization
is altered when compared with the subunit in the dimer, since the
dissociated monomer preserves most of the secondary structure
content of the native MAT III. The importance of a monomeric
intermediate prior to oligomerization is more apparent in the
case of long-truncated MAT forms (350–351 amino acids long),
such as those detected in hypermethioninemic patients [16,17].
These truncated MATs lack part of the C-terminal domain of the
protein, but, as deduced from the crystallographic data [19],
contain the residues involved in subunit–subunit interactions.
Therefore it could be possible that these truncated forms fold to
give a monomeric intermediate, which is capable of interacting
with the complete subunit intermediate. This heterodimer would
capture the normal MAT subunits, leading to the important
reduction in MAT activity detected in these patients.
In summary, the findings presented in this study suggest that
urea-induced unfolding of MAT III can be better explained
according to a three-state mechanism through a monomeric
intermediate, and are the first estimation of the thermodynamic
parameters for MAT III dissociation.
We thank F. Garrido for technical assistance.
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